Many known antibiotics target the translational apparatus, but none of them can selectively inhibit initiation of protein synthesis and͞or is prokaryotic-specific. This article describes the properties of GE81112, an effective and prokaryotic-specific initiation inhibitor. GE81112 is a natural tetrapeptide produced by a Streptomyces sp. identified by an in vitro high-throughput screening test developed to find inhibitors of the prokaryotic translational apparatus preferentially acting on steps other than elongation. In vivo GE81112 inhibits protein synthesis but not other cell functions such as DNA duplication, transcription, and cell wall synthesis. In vitro GE81112 was found to target the 30S ribosomal subunit and to interfere with both coded and noncoded P-site binding of fMettRNA, thereby selectively inhibiting formation of the 30S initiation complex.
D
espite the fact that more than half of known antibiotics target the protein synthetic machinery of the bacterial cell (1) (2) (3) (4) , the translational apparatus still offers remarkable opportunities for identifying unique inhibitors capable of bypassing existing resistance mechanisms. This possibility is due not only to the unmatched structural and functional complexity of this machinery but also to the fact that many of its components and several individual steps of the translational pathway represent unexploited antibiotic targets (3, 4) .
In the present report, we describe the properties of an antibiotic designated GE81112. This antibiotic was found by a highthroughput screening procedure devised to identify preferentially, among the secondary metabolites produced by a microbial library, inhibitors targeting translational steps other than elongation. The data of this article will show that GE81112 indeed represents a structurally unique tetrapeptide antibiotic, capable of inhibiting selectively the P-site binding of fMet-tRNA, thereby blocking the formation of the 30S initiation complex. In light of its properties, GE81112 can be regarded as the most efficient, selective, and specific inhibitor of bacterial translation initiation, by far superior to all translation initiation inhibitors known so far. Assessment of the in Vivo Activity of GE81112. Escherichia coli SS5012 (opp Ϫ ) cells were grown at 37°C in minimal medium to OD 600 ϭ 0.2, at which point (time ϭ 0) the culture was divided into four identical aliquots and each of them received one of the following precursors: [ 3 H]thymidine, [ 3 H]uridine, [ 14 C]phenylalanine, or N-acetyl[ 3 H]glucosamine. After 10 min, each radiolabeled culture was split into two aliquots, one of which was exposed to GE81112 (1.3 mg͞ml) and the other to DMSO (final concentration 1%). At 10-min intervals, 50-l samples of each culture were withdrawn and mixed with 50 l of 2% sodium dodecylsulfate, and the hot acid (trichloroacetic acid)-insoluble radioactivity present in 50 l of the resulting cell extracts was determined by liquid scintillation counting.
Materials and Methods
fMet-tRNA Binding to 30S Ribosomal Subunit. Reaction mixtures (30 l of buffer A) contained 0.5 mM GTP, and 30 pmol of 30S ribosomal subunits. After a brief incubation in the presence of the inhibitors (as indicated in the appropriate figures), 30 pmol each of initiation factor 1 (IF1), IF2, and IF3 were added, and binding was triggered by addition of 45 pmol each of 027mRNA (a model mRNA having the same 5Ј UTR as 022mRNA and the coding sequence of 002mRNA amplified 3.6 times) and f[
35 S]Met-tRNA. After 10-min incubation at 37°C, 30S-bound f[
35 S]Met-tRNA present in 20 l of reaction mixture was determined by nitrocellulose filtration.
Kinetics of fMet-tRNA Binding to 30S Ribosomal Subunit. The analysis was carried out by using a Biologic (SFM-400; Grenoble, France) quench-flow apparatus operating in a rapid filtration mode. Syringe A contained, in 2 ml of buffer B, 0.5 mM GTP, 1 M 30S subunits, 1.5 M each of IF1, IF2, and IF3, and the indicated amounts of GE81112. Syringe B contained, in 2 ml of buffer B, 0.5 mM GTP, 2 M 022mRNA (5), and 2 M f[
35 S]Met-tRNA. Equal volumes (50 l) of the two solutions were shot into the mixing chamber and incubated at 20°C for times between 30 and 5,000 ms before being rapidly filtered through a nitrocellulose disk. The amount of 30S-bound f[
35 S]Met-tRNA was determined by liquid scintillation counting.
Primary in Vitro Translation
Tests. These tests were carried out for 60 min at 37°C on 96-well microtiter plates in reaction mixtures (50 l) containing (i) bacterial system: 12 mM Mg(OAc) 2 , 100 mM NH 4 Cl, 10 mM Tris⅐HCl (pH 7.7), 2 mM DTT, 2 mM ATP, 0.4 mM GTP, 10 mM phosphoenolpyruvate, 25 g͞ml pyruvate kinase, 0.12 mM citrovorum factor (Serva), and 150 g of total E. coli MRE600 tRNA and E. coli MRE600 S30 extract (5-7); or (ii) yeast system: 33 mM Hepes-KOH (pH 7.4), 160 mM KOAc, 3.8 mM Mg(OAc) 2 (5), whose sequence will be reported elsewhere. After 1-h incubation at 37°C, the hot trichloroacetic acid-insoluble radioactivity was determined as described above. The reactions were stopped by 30-min incubation at 20°C after addition of 25 l of 3 M NaOH. The trichloroacetic acid (10%)-insoluble radioactivity present in each well was recovered on a glass fiber filter (Unifilter-96, GF͞B, Packard) by using a microplate harvester (Filtermate 196, Packard) and determined with a TopCount Filtration unit (Packard) after addition of a scintillation mixture (Packard; Microscint 20).
Luciferase Synthesis. Each reaction mixture (50 l of buffer C) contained 0.4 mM GTP, 2 mM ATP, 10 mM phosphoenolpyruvate, 0.025 g͞l pyruvate kinase, 2 M coelenterazine, 0.2 mM each amino acid, 0.12 mM citrovorum factor, 1 g͞l E. coli MRE600 total tRNA (Sigma), 15 pmol of Renilla luciferase mRNA, 12 l of S30 cell extract (corresponding to Ϸ15 pmol of 70S ribosomes), and GE81112 as indicated. The luminescence in each luciferase reaction was recorded at 2-min intervals by using a 1450 Microbeta (Wallac, Gaithersburg, MD).
Chemical Probing and Primer Extension Analysis. Chemical reactions with dimethyl sulfate (Kodak) and kethoxal (Research Organics), extraction, and primer extension analysis of 16S rRNA were carried out as described in ref. 8 .
Results
A library of Actinomycetes secondary metabolites was screened by a high-throughput test designed to identify antibacterial agents active in a bacterial cell-free system, preferentially on steps of translation other than elongation. The effect of each library sample was tested in a system programmed with a model mRNA (027mRNA) having all of the relevant characteristics of a natural template and whose expression requires a functional translation initiation mechanism. The results of this test were then compared with those obtained in the traditional poly(U)-encoded translation system, which depends only on the elongation function and on the aminoacylation of a single tRNA.
Primary screening of Ϸ25,000 samples yielded a fairly large number of hits. However, the majority of these were discarded because they (i) inhibited prokaryotic translation with less than two orders of magnitude preference with respect to that of yeast; (ii) inhibited poly(U)-and 027mRNA-dependent translation to a similar extent; (iii) were found to correspond to already known antibiotics; or (iv) did not yield consistent results upon refermentation of the producing strains and retesting of their activity. Thus, only two compounds were found to have the desired characteristics and eventually proved to be novel. The stronger inhibition of 027mRNA-dependent translation compared with poly(U)-dependent polyphenylalanine synthesis suggested that, rather than elongation, these compounds interfere with translation initiation and͞or termination. Because the latter steps represent largely underexploited antibiotic targets, both hits were further investigated. The functional characteristics of the antibiotic designated GE81112 is reported in this article, whereas the properties of the second molecule, designated GE82832, will be reported elsewhere (L.B., A. To determine whether GE81112 is capable of inhibiting protein synthesis also in vivo and whether it might also affect other cellular activities, its effect was tested on DNA, RNA, protein, and cell wall biosynthesis. Thus, four E. coli cultures each growing in the presence of a different radioactive precursor were divided into two portions upon reaching the early exponential growth phase, one serving as a control and the other receiving an amount of GE81112 corresponding to Ͼ10 2 times the minimum inhibitory concentration. The incorporation of the precursors into their respective products in the presence and absence of antibiotic was then followed as a function of time. As seen in Fig. 2A , GE81112 had no effect on DNA duplication, transcription, and cell wall biosynthesis but caused instead an immediate blockage of protein synthesis. This result indicates that GE81112 is a selective and powerful translation inhibitor also in vivo.
Thus, the efficiency and selectivity of purified GE81112 in inhibiting mRNA translation in both prokaryotic ( Fig. 2B ) and S. cerevisiae ( Fig. 2C ) cell-free systems were compared to that of other antibiotics regarded or suspected to be translation initiation inhibitors (see Discussion). The results obtained demonstrate that, among all antibiotics tested, viomycin (IC 50 ϭ 0.6 M) and GE81112 (IC 50 ϭ 0.9 M) are the most effective inhibitors of the E. coli translational system (Fig. 2B ), being more effective than pactamycin, edeine, sisomicin, kasugamycin, and linezolid. Furthermore, whereas most of the antibiotics tested, including GE81112, were ineffective on the eukaryotic translation system, both edeine and pactamycin were found to inhibit both prokaryotic and eukaryotic systems with comparable efficiencies. The IC 50 of GE81112 in yeast ( Fig. 2C ) and HeLa cells (not shown) was found to be approximately two orders of magnitude higher than in the E. coli translational system. In addition to inhibiting protein synthesis in E. coli in vivo (Fig. 2 A) and in vitro (Fig. 2B ), GE81112 was found to be effective in vitro also toward mRNA translation in cell-free extracts derived from two clinical isolates of Pseudomonas aeruginosa having several antibiotic resistances (e.g., gentamycin and kanamycin) and from the Gram-positive Bacillus stearothermophilus. Indeed, the IC 50 of GE81112 in the cell-free systems derived from these bacteria was found to be almost identical to that found in E. coli (data not shown). Furthermore, in contrast to what happens in cell-free translational systems derived from both lower and higher eukaryotic systems, the system derived from the archaeon Sulfolobus sulfataricus is inhibited by GE81112 with an IC 50 similar (i.e., only Ϸ4 times higher) to that seen in the E. coli system. In addition, translation of a leaderless mRNA is inhibited in both systems with the level of inhibition somewhat higher in Archaea and somewhat lower in E. coli than that of a leadered mRNA (Fig. 2D) . Taken together, these results indicate that GE81112 is a very potent, broad-spectrum, inhibitor of prokaryotic translation.
In the above experiments, translational inhibition by GE81112 was assessed by measuring the amount of protein synthesized after 30 min at 37°C. However, if enough time is allowed, even a translational system functioning at a reduced rate in the presence of an inhibitor could eventually yield an amount of product similar to that obtained in the noninhibited controls. Thus, the effect of the antibiotic was also tested on the kinetics of Renilla luciferase synthesis.
As seen from Fig. 3A , in the control samples the luciferase activity develops as a sigmoidal function within a rather narrow time interval after a lag period of Ϸ8 min (at 20°C), which is attributed to the time required for cotranslational folding of a polypeptide long enough to be endowed with enzymatic activity (9, 10) . In the presence of increasing concentrations of GE81112, not only does the level of luciferase become lower (Fig. 3B ) but also the lag becomes increasingly longer. In fact, the time at which 50% of the total luciferase activity is expressed increases from 11.84 min (in the absence of inhibitor) to 15.99 min in the presence of 76 M GE81112, with a net ⌬t 1/2 increase of Ն4 min (Fig. 3B ). This lengthening of the lag is compatible with an interference of GE81112 with the early steps of translation.
To ascertain that inhibition by GE81112 is indeed due to inhibition of translation initiation, the effect of this drug was tested on various partial reactions of the initiation pathway. One of the earliest events occurring during translation initiation is the formation of a 30S initiation complex in which fMet-tRNA is bound to the P-site of the small (30S) ribosomal subunit in response to an initiation codon present in the translation initiation region of the mRNA (11, 12) . As seen in Fig. 4A , increasing concentrations of GE81112 produce a strong inhibition of the formation of this complex; furthermore, the GE81112 dose-response curves obtained for mRNA translation and 30S initiation complex formation are virtually superimposable (Fig. 4A) , suggesting that the antibiotic targets this step of translation and that inhibition of this function can account for all of the inhibitory activity displayed by GE81112 on mRNA translation. In light of these results, the efficiency of the GE81112 inhibition of fMet-tRNA binding to the 30S subunit was compared with that produced by other antibiotics reported to be ''P-site inhibitors'' such as edeine, pactamycin, kasugamycin (1-4, 13-15), and viomycin, which was tested because an old report indicated that, in addition to being a translocation inhibitor, viomycin is also able to inhibit fMet-tRNA binding to phage MS2 RNA-programmed 30S ribosomal subunits (16) . The results demonstrate that GE81112, up to 1 g͞ml (i.e., Ϸ1.5 M), is more active in inhibiting formation of 30S initiation complex than com- parable concentrations of either pactamycin or edeine, whereas kasugamycin and viomycin, as expected, inhibit this ribosomal function little or not at all (Fig. 4B) .
The data of Fig. 4A suggest that GE81112 inhibition occurs only once (i.e., at the initiation step) and is not reiterated during elongation. Consistent with this premise is the finding that the inhibitory activity of GE81112 is strongly reduced as the translational machinery proceeds from the early to the late stages of initiation. In fact, as seen in Fig. 4C , the IC 50 of GE81112 is Ϸ15-fold lower (Ϸ0.6 vs. 9 M) if this antibiotic is preincubated with the 30S ribosomal subunit before the addition of all other components of the translational machinery or is given after the addition of the components required for 70S initiation complex formation but before addition of the components required for elongation.
As mentioned above, preliminary experiments indicated that GE81112 binds to the 30S ribosomal subunit with much higher affinity than to the 50S ribosomal subunit. This finding suggests that this antibiotic prevents P-site binding of fMet-tRNA by targeting the small ribosomal subunit, thereby hindering its function in various possible ways. However, other mechanisms could be responsible for the inhibition. In fact, GE81112 could inhibit 30S initiation complex formation by targeting either IF2 or the initiator fMet-tRNA and thereby interfering with the formation of the fMet-tRNA-IF2 binary complex, which is considered a precursor of the 30S initiation complex (11, 12, 17) . Thus, experiments were carried out to clarify these points. Tests of IF2 protection of fMet-tRNA from alkaline hydrolysis (18) demonstrated that GE81112 does not affect fMet-tRNA-IF2 interaction (data not shown). Other experiments showed that also poly(U)-dependent binding of Ac-Phe-tRNA to 30S ribosomal subunit is inhibited by GE81112 (data not shown), indicating that this antibiotic does not recognize any particular structural facet of either the tRNA fMet molecule (17) or mRNA. On the contrary, addition of increasing amounts of 30S, but not 50S, ribosomal subunits was found to progressively relieve the translational inhibition caused by GE81112 (data not shown) and allowed us to establish that the 30S subunit is indeed the target of GE81112 inhibition, a conclusion fully supported by the topographical localization of its binding site (see below).
To gain additional insight into the actual mechanism by which GE81112 inhibits 30S initiation complex formation, its effect was studied under various experimental conditions. In the first experiment, the kinetics of fMet-tRNA binding to the 30S ribosomal subunits in the presence and absence of GE81112 was studied by using a rapid filtration device. As seen from Fig. 5A , the 30S initiation complex is formed rapidly in the absence of GE81112, reaching half saturation after Ϸ500 msec, and the experimental points can be fitted by a single-exponential equation. In contrast, the fMet-tRNA binding curves obtained in the presence of GE81112 are more complex, with the binding occurring after an initial lag period and yielding saturation levels that are lower with increasing antibiotic concentrations. Thus, GE81112 seems to determine an overall slower and less efficient ribosomal binding of fMet-tRNA, whereas the occurrence of the lag, qualitatively similar to that seen in the kinetics of luciferase synthesis (Fig. 3) , suggests that initiator tRNA and GE81112 compete for binding to the 30S subunit. In the following experiment, fMet-tRNA binding to the 30S subunits was studied as a function of Mg 2ϩ concentration in the presence and absence of different ribosomal ligands and of a fixed concentration (1.5 M) of GE81112. Our findings demonstrate that the antibiotic inhibits fMet-tRNA binding under all conditions tested. However, the extent of inhibition strongly depends on conditions (i.e., Mg 2ϩ concentration and presence or absence of initiation factors and mRNA) that influence the affinity of fMettRNA for the 30S subunit. Thus, GE81112 inhibition of 30S initiation complex formation is very strong (Ϸ80%) at 3 mM Mg 2ϩ but drops to Ͻ40% and Ͻ20% when the Mg 2ϩ is increased to 9 and 12 mM, respectively. In the absence of mRNA or initiation factors, inhibition of fMet-tRNA binding is complete (Ϸ100%) at 3 mM Mg 2ϩ and, although somewhat relieved by Mg 2ϩ , remains quite high (Ϸ45% and 75%) at Ն9 mM Mg 2ϩ . The only condition under which the substantial (Ϸ80%) GE81112 inhibition is almost fully relieved by increasing the Mg 2ϩ concentration is that in which IF3 was omitted (Fig. 5B) . Taken together, these data indicate that GE81112 inhibits both coded and noncoded fMet-tRNA binding to the 30S subunit and regardless of whether the coded binding is assisted by the three initiation factors (Fig. 5B) . Thus, it can be concluded that the main target of GE81112 inhibition is not the P-site decoding nor the functional interaction of the initiation factors with the ribosomal subunit and͞or with its ligands but instead is the basal tRNA-30S subunit interaction. This conclusion is consistent with the observed effect of changes of Mg 2ϩ concentration and other variables on the extent of GE81112 inhibition. It has been observed, in fact, that all conditions that determine an increased affinity of the ribosomal subunit for fMet-tRNA cause a reduction of the inhibitory power of the antibiotic, whereas the presence of IF3, whose capacity to increase the rates of formation and dissociation of the 30S initiation complex is well known (11, 12) , seems to enhance the inhibition by GE81112.
In light of the premise that the 30S ribosomal subunit is the target of GE81112 inhibition, chemical probing experiments of the 16S rRNA were performed in its presence to identify its ribosomal binding site. As seen from the primer extension analysis of the modified rRNA, GE81112 provides a substantial protection of G693 from kethoxal modification (Fig. 6A) , exposes C795 to dimethyl sulfate (Fig. 6B) , and causes smaller protections of G700 (Fig. 6A) , A792, and C796 and somewhat increased reactivity of A780, A794, G799, and G803 (Fig. 6B) . Some of these bases are the same as those protected by P-site-bound tRNA (19) and by other inhibitors such as edeine, kasugamycin, and pactamycin, which are traditionally considered P-site inhibitors (14, 15, 20) . For instance, G693 is protected also by pactamycin and edeine, whereas A794, which is exposed by GE81112, is protected by kasugamycin and edeine (14, 20) , and its mutation confers resistance to kasugamycin (21); C795, on the other hand, is exposed also by kasugamycin but is protected by pactamycin and edeine (14, 20, 21) . The location of the bases affected by GE81112 are highlighted within the 3D structure of 16S rRNA (Fig. 6 C and D) . Overall, these bases define a region between the platform and the E-site of the 30S subunit. In turn, this finding suggests that inhibition by GE81112 does not involve its direct binding to the P-site but probably entails an indirect mechanism of action (see Discussion).
Discussion
Protein synthesis is the fundamental biological process inhibited by the majority of known antibiotics. However, whereas elongation activities such as aminoacyl-tRNA binding and decoding in the ribosomal A-site, transpeptidation, and translocation are frequently found to be affected by antibiotics, albeit with different mechanisms, other functions such as translation initiation, termination, and aminoacylation are rarely or never found to be inhibited (1) (2) (3) (4) . Thus, the relevance and uniqueness of the present finding lie in the identification and characterization of the functional properties of GE81112, a tetrapeptide, which proved to be the most selective and effective inhibitor of prokaryotic 30S initiation complex formation known so far.
The mechanism of translation initiation is unique among the various steps of translation insofar as it involves the direct binding of fMet-tRNA in the ribosomal P-site through a process mediated by initiation factor IF2 (11, 12) . However, unlike the case of elongation factors, which are directly targeted by inhibitors such as fusidic acid (EF-G) (22) , kirromycin, pulvomycin, and the thiazolyl peptide GE2270A (EF-Tu) (23, 24) , no known antibiotic is capable of interfering efficiently and specifically with the IF2-fMet-tRNA interaction. Furthermore, although it is known (and fully confirmed by the present study) that none of the few antibiotics that are considered ''P-site inhibitors'' (e.g., edeine, pactamycin, and kasugamycin, as reported in refs. 1-4) is either selective for prokaryotes or specific for a single molecular target, GE81112 was found to target specifically the 30S ribosomal subunit and to interfere exclusively with fMet-tRNA binding to the P-site; in fact, the dose-response curves of the inhibition of P-site tRNA binding and of translation inhibition are almost superimposable.
Unlike what happens in ''elongation,'' aminoacyl-tRNA-EF-Tu complexes, which enter into the A-site of the 70S ribosomes from the ''shoulder'' and ''L7͞L12 stalk'' side of the 30S and 50S, respectively, some experimental evidence (25) suggests that the entry of fMet-tRNA into the P-site of the 30S subunit might occur from the platform side, possibly via the E-site, which is ''empty'' during the initiation phase of translation. The fairly extended lags in the kinetics of 30S initiation complex formation and luciferase synthesis observed in the presence of increasing concentrations of GE81112, which suggest a competition between the drug and the tRNA, the topographical localization of GE81112 near the 30S E-site, and the finding that inhibition occurs also with aminoacyltRNAs other than fMet-tRNA, whether coded or not coded, in the presence or absence of initiation factors, suggest that this drug does not inhibit the P-site directly. Instead, on the basis of the present results, it is tempting to speculate that the mechanism by which GE81112 inhibits fMet-tRNA binding to the P-site is indirect and consists of blocking (or interfering with) the path of fMet-tRNA binding (entry) to the small ribosomal subunit, before P-site decoding. Consistent with this premise is the finding that addition of GE81112 to the 30S subunits after that of mRNA and fMettRNA results in a much lower level of inhibition so that 70S initiation complex formation is much less sensitive to inhibition than 30S initiation complex formation. The fact that the binding site of this antibiotic is progressively obstructed as the ribosome becomes progressively committed to the elongation phase so that translating ribosomes (whose E-site is occupied by tRNA) are completely insensitive to the inhibition is also consistent with our premise. If GE81112 indeed interferes with the ribosomal entry of fMet-tRNA through the E-site, also other antibiotics binding at or near the E-site (edeine, kasugamycin, and pactamycin) could interfere with initiation complex formation by a similar yet less selective mechanism.
In fact, both literature survey and direct comparisons have shown that the efficiency and͞or specificity of GE81112 is superior to that of all translation initiation inhibitors described so far. In fact, three of the antibiotics tested, namely linezolid, sisomicin, and, in contrast to an old claim (16) , viomycin, were found to be completely ineffective in inhibiting translation initiation, whereas the other three (kasugamycin, pactamycin, and edeine) were found to be less effective or not prokaryotic-specific or both.
Also, the synthetic oxazolidinone antibiotic linezolid and the aminoglycoside sisomicin were found to be completely ineffective in inhibiting formation of 30S initiation complex. This finding is not entirely unexpected in the case of linezolid in light of the fact that, even though some reports indicate that this antibiotic could inhibit translation initiation, the concentration required to obtain this inhibition is so high that inhibition of initiation probably does not represent the primary mode of action (26, 27) . Sisomicin, on the other hand, was reported to be the most effective molecule (IC 50 Ϸ 0.7 nM) within a group of aminoglycosides found to inhibit the IF2-fMet-tRNA interaction (28) . However, in our hands this antibiotic proved to be a rather poor inhibitor of bacterial translation (Fig. 2B) and to have no effect whatsoever on 30S initiation complex formation and on fMet-tRNA-IF2 interaction (data not shown).
Other activity comparisons were made among GE81112 and kasugamycin, pactamycin, and edeine. Kasugamycin binds to the 30S subunit (and 70S ribosomes) with K d ϭ 2 ϫ 10 Ϫ5 M and is reported to enhance accuracy of protein synthesis (29) and to inhibit the initiation phase of translation without affecting elongation (30, 31) , but unlike GE81112 (Fig. 2D) , kasugamycin does not inhibit leaderless mRNA translation (32, 33) . Kasugamycin was reported to destabilize 30S (but not 70S) initiation complexes, from which it removes prebound fMet-tRNA (34) , but under our experimental conditions, kasugamycin inhibits prokaryotic protein synthesis with IC 50 Ϸ 30 M, a value that is Ϸ40 times higher than that of GE81112 (Fig. 2B) . Furthermore, kasugamycin was more than two orders of magnitude less effective than GE81112 in inhibiting 30S initiation complex formation (Fig. 4B) . Thus, although some of the properties of kasugamycin are similar to those of GE81112, it is nevertheless a less efficient and, in light of its effect on eukaryotic phytopathogenic fungi (for a review see ref. 35) , not prokaryoticspecific.
Finally, edeine and pactamycin, which are regarded as the most typical P-site inhibitors known so far, proved to be less effective translation initiation inhibitors than GE81112 and also not prokaryotic-specific. In fact, although edeine and pactamycin are nearly as effective as GE81112 in inhibiting bacterial translation in vitro (Fig. 2B) , they also inhibit the eukaryotic system (Fig. 2C ), in agreement with the report that they bind not only to prokaryotic 30S ribosomal subunits but also to eukaryotic 40S ribosomal subunits (1) and inhibit initiation complexes made with 40S subunits (13) . Furthermore, in the direct comparison of their effect on 30S initiation complex formation (Fig. 4B) , GE81112 proved to be more effective than both edeine and especially pactamycin, whose role as an initiation inhibitor has recently been questioned after a systematic analysis of its effects on each step of translation initiation and elongation (15) . Finally, it should be mentioned that, unlike that of GE81112 (Fig. 2 A) , the inhibitory activity of edeine is not selective for translation because this antibiotic clearly inhibits other cell functions (i.e., DNA synthesis) in addition to protein synthesis (36) .
